This paper presents a non-lithographic approach to generate wafer-scale single crystal silicon nanowires (SiNWs) with controlled sidewall profile and surface morphology. The approach begins with silver (Ag) thin-film thermal dewetting, gold (Au) deposition and lift-off to generate a large-scale Au mesh on Si substrates. This is followed by metal-assisted chemical etching (MacEtch), where the Au mesh serves as a catalyst to produce arrays of smooth Si nanowires with tunable taper up to 13 • . The mean diameter of the thus fabricated SiNWs can be controlled to range from 62 to 300 nm with standard deviations as small as 13.6 nm, and the areal coverage of the wire arrays can be up to 46%. Control of the mean wire diameter is achieved by controlling the pore diameter of the metallic mesh which is, in turn, controlled by adjusting the initial thin-film thickness and deposition rate. To control the wire surface morphology, a post-fabrication roughening step is added to the approach. This step uses Au nanoparticles and slow-rate MacEtch to produce rms surface roughness up to 3.6 nm.
Introduction
Self-assembled patterns have been increasingly integrated into bottom-up and top-down semiconductor fabrication approaches due to their high-resolution and avoidance of expensive lithographic processes. These integrated approaches have allowed new designs of a wide range of novel structures such as silicon nanowire (SiNW) arrays for applications in nanostructured thermoelectric devices [1] , high-emissivity surfaces [2] and high-capacity Li-ion battery anodes [3] . Substantial work has gone into improving the resolution [4] and aspect ratio [5] , and to controlling the geometry [6] and morphology [7] of these 1D semiconductor nanostructures. One specific example is the thermoelectric effect in rough SiNWs. As the diameter of the SiNWs decreases and their surface roughness increases, they exhibit a near-unity thermoelectric figure of merit at room temperature. This is due to the confinement and boundary scattering of phonons traveling in the SiNWs [8] . Another example appears in the optical properties of a SiNW forest. High-aspect ratio, tapered SiNWs [2] allow for near black-body behavior due to the smooth transition in the refractive index and photon trapping. Thus, scalable and economic manufacturing strategies may enable the deployment of such devices in commercial applications.
As alluded to earlier, self-assembly methods can be combined with several fabrication techniques-including deep reactive ion etching (DRIE), metal-assisted chemical etching (MacEtch) [9] or vapor-liquid-solid (VLS) growth [10, 11] -to create 1D Si structures. In this context, self-assembly is used to either directly or indirectly (by patterning a mask) pattern the catalyst for the process. An example of directly forming a forest of 1D silicon nanotips was first investigated by Jansen et al, using reactive ion etching (RIE) on a silicon wafer. The redeposition of polymer masks and adsorption of silicon dioxide particles during the etching step in RIE create micromasks that protect the substrate to form silicon tips (also known as micrograss). The taper profile of these structures was controlled by adjusting the pressure, flow of reactive gases and power of the RIE process [12] . In a single-step, this process can both (1) create the mask for nucleating the tips, and (2) etch the substrate, creating high-aspect ratio, tapered, and dense arrays of nanotips. More recently, other plasma etching techniques have been developed to yield more robust results for controlling the taper and creating self-masks with higher densities, such as pulsed-mode DRIE [13] and electron cyclotron resonance plasma etching [2] , respectively. While these approaches are economical and yield samples with low reflectivity in the visible and near-IR range, little work has been carried out to independently adjust the taper and the density of self-masked patterns, which may allow for further reduction in reflectivity.
A typical example of indirectly patterning the catalyst uses dip coating with a monolayer of silica beads [14] , which uses the Langmuir-Blodgett assembly method [15, 16] to produce a close-packed layer of beads over a large area [17, 6 ]. This step is followed by an isotropic RIE step to separate and shrink the beads, starting from a 200-600 nm diameter [6] . Used as a mask over which a thin metal film is deposited, a metallic mesh with monodispersed pores is produced by the removal or lift-off of the beads. This, in turn, is used as a catalyst by the MacEtch process to produce SiNW arrays [15] . As-fabricated wires can be shrunk to 60-120 nm by thermal oxide growth and removed by etching in hydrofluoric acid. However, this approach suffers from the drawback of producing SiNW forests with low areal coverage, detrimental for system-level efficiency of several of the applications previously discussed.
Porous anodized aluminum oxide (AAO) [18] with monodispersed pores has also been used to produce SiNWs, with the advantage of having highly tunable diameter control in the sub-200 nm range. AAO is grown on a bulk aluminum foil [19, 20] or thin-film [21] by a two-step anodization with the pore depth and size controlled by the anodization time and the pore opening step. Multiple approaches [6, 21, 19] may be used to open up the bottoms of the pores so that the membrane can be used as a template. The AAO membrane is manually transferred to the silicon substrate with the use of a polymeric film as a handle after the Al substrate is etched away [19] . The polymer handle is then removed by dissolving in a solvent. AAO membranes-transferred via this method-are covered with a Au film and immersed in MacEtch solution to produce SiNWs. Even though this process integration has been shown to produce SiNW arrays, the areal coverage of SiNWs produced by this method is limited by the template wall thickness and pore closure effects [19, 20] . Moreover, the process requires a number of delicate manual steps in the transfer of the template, thus limiting the size of the patterned surface and the yield.
Thin-film dewetting is a scalable and robust process for the creation of self-assembled monolayers of metal nanoparticles in the 10-500 nm size range on oxide surfaces [7, 22] . A metallic thin-film is first deposited on the substrate. This is followed by a thermal annealing step that activates thermal grooving in the thin-film and results in the formation of individual nanoparticles. Unlike approaches that use AAO templates or dip coating and are capable of producing monodispersed metal particles for MacEtch, this process inherently creates particles with a size distribution with a standard deviation starting at 5 nm for sub-20 nm particles and growing up to 40 nm for 150 nm particles. The dewetting behavior has been shown to spontaneously occur for metals such as Ag [22] , Co [23] , Ni [24, 25] , Cu [26] , Au [27] , and Pt [28] . The annealing temperature to cause dewetting is usually less than a third of the metal's bulk melting temperature. Accelerated diffusion of impurities into semiconductors at elevated temperatures limits the use of high-melting point metals. Low-temperature options include Ag, Au, Co, and Ni, which typically exhibit dewetting behavior between 300 • C and 600 • C.
Metal-assisted chemical etching is a process in which a mixture of HF and an oxidant (typically H 2 O 2 ) is used to etch a semiconductor such as Si in the presence of metal [29] . The process works by injecting a hole into the semiconductor from the reduction of an oxidant at the metal-solution interface. Then, the availability of holes in the vicinity of the semiconductor-metal interface triggers a reaction between the surface silicon atoms and the hydrofluoric acid through one of the proposed diffusion mechanisms in the literature [30] . The balance between hole injection and consumption maintains holes localized at the metal-substrate interface and, consequently, directional etching is achieved with non-porous single crystalline features being generated. When deployed in SiNW fabrication, MacEtch produces nanowires with aspect ratios greater than 100 [5] , provided the diffusion of reactants and products to and from the reaction zone is abundant. For this reason, MacEtch has been widely used for the generation of dense and vertically aligned nanowires for integration with planar manufacturing processes [31] .
In regards to morphology control of SiNWs, MacEtch has been demonstrated to achieve some roughness control of the sidewall profile by increasing the ratio of the oxidizer concentration to that of the HF [7] and by changing the catalyst metal [32] . Increased oxidizing activity produces excess holes which are injected into the Si and transported to the SiNW boundary. The presence of holes at the SiNW surface as it is formed makes it susceptible to HF and causes roughening of the surface of the nanowire. Our previous work [7] shows that RMS roughness can be controlled only in the 0.5-2 nm range. After 2 nm, the wire roughening becomes so aggressive that it results in the formation of porous SiNWs, significantly reducing their electrical conductivity. The same mechanism for roughness generation can also be used for tuning the taper of its sidewall. For instance, further increasing the oxidizing activity accelerates the sidewall porous formation and its subsequent dissolution in HF. This results in a tapered external profile [33] . This approach, unfortunately, also causes the core of the SiNW to be porous for most levels of useful tapering.
In this paper, we report a fabrication scheme to obtain SiNW arrays with controlled sidewall morphology, size distribution and density. Our approach combines the dewetting process with MacEtch through image reversal by a lift-off process that converts Ag particle patterns into a Au mesh pattern. By fine control of the deposition rate and thickness of the evaporated Ag film that is dewetting into Ag nanoparticles, SiNW arrays with average diameter as small as 61 nm with a standard deviation of 13 nm are produced. Further, it is shown that, by altering the chemical composition of the MacEtch solution, tapered wires are also produced, with application to broadband anti-reflection surfaces. This paper also develops an approach to produce SiNWs with surface roughness fine-tuned in the 0.5-3.5 nm range consistently across the wire length. To accomplish this, an additional post-roughening step is used. As-formed SiNWs are coated with Au nanoparticles via sputtering and etched by MacEtch again. Au nanoparticles etch toward the core of SiNWs. Roughness control is obtained by controlling the etching time. After roughening, the SiNW surface develops a native oxide and the Si/SiO 2 interface roughness is characterized by TEM. This work may enable a deeper understanding of the relationship between roughness and thermal conductivity of SiNWs, and can potentially be implemented in largescale manufacturing of SiNW thermoelectric devices. It also provides an affordable and scalable pathway for the manufacture of large-area, high-emissivity surfaces for stray light reduction in telescopes.
Silicon nanowire fabrication
Two sets of samples were manufactured for the purpose of investigating the roughness dependence on MacEtch parameters and the broadband anti-reflective properties of tapered SiNWs. The first set comprised of smooth SiNWs with average diameter in the 110-140 nm range that were roughened to various levels and analyzed under TEM. The second set comprised of as-doped and post-doped tapered SiNWs with average diameter around 300 nm. 
Particle size control via dewetting parameters
The process begins by growing a 15 nm oxide layer on degreased and RCA-1 cleaned (100) Si wafers (1-10 cm) in a Lindberg Hevi-Duty Lancer M-300 tube furnace at 1000 • C for 13 min with a 4 sccm pure oxygen flow rate. Subsequently, silver deposition is performed in a Temescal e-beam evaporation system with thickness and deposition rate monitored by a quartz crystal monitor (figure 1(a): step 1). The silver films are then annealed at 350 • C in a rapid thermal annealing chamber that focuses an infrared light source on the sample (model SSA-P610C, manufactured by ULVAC-RIKO, Inc.) for 4 h at 3-8 × 10 −7 Torr (figure 1(a): step 2); at the end of this step, the Ag film is fully dewetted into isolated particles ( figure 1(b) ). For sub-100 nm particles, we use scanning electron microscopy (SEM) to characterize the particle size distribution as a function of the deposition thickness at a deposition rate as low as 0.1Å s −1 . The SEM data are analyzed with ImageJ (see supplementary figure 1 available at stacks.iop.org/Nano/24/225305/mmedia) and results for the average particle diameter and areal coverage are shown in figure 2 as a function of the deposition parameters. The parameters for the 100-400 nm particle size range were reproduced from previous studies [22] .
The samples are immersed in a buffered oxide etch (HF:NH 4 F = 6:1; v:v) for 20 s in an ice bath with the temperature kept at 0 • C with constant agitation (figure 1(a): step 3). This step undercuts the oxide film under the silver particles and facilitates the subsequent lift-off process ( figure 1(c) ). Theoretically, 1% HF could also be used to achieve an even slower undercut rate [34] . This is particularly important for sub-120 nm particles and unnecessary otherwise (see supplemental figure 2 available at stacks.iop.org/Nano/ 24/225305/mmedia). Next, all samples are evaporated with 10 nm Au at 0.5Å s −1 in the same e-beam evaporation system (figure 1(a): step 4), immersed in an etchant solution (NH 4 OH:H 2 O 2 :methanol = 1:1:2; v:v:v) at room temperature and sonicated four times for 10 min in each round. After sonication in RCA-1, most silver nanoparticles covered with Au have been etched (figure 1(a): step 5), leaving behind a gold mesh pattern on the substrate. The gold mesh is now used as the catalyst template for MacEtch (figure 1(a): step 6).
MacEtch: straight versus tapered wires
The Si substrates with the patterned Au mesh are etched in MacEtch to produce straight (HF(49%):H 2 O 2 (30%):ethanol = 13:2:19; v:v:v) and tapered (HF(49%):H 2 O 2 (30%):ethanol = 13:2:X; v:v:v) SiNWs ( figure 1(d) ), in which 'X' represents the volume ratio of 99.9% ethanol added to the mixture. For this work, solutions are always made freshly before each experiment and used immediately within 10 min. To understand the effect of ethanol concentration on taper formation, the volume ratio of ethanol (X) was varied from 56 to 110 at a fixed 13:2 volumetric ratio of HF(49%) and H 2 O 2 (30%). Samples were cleaved and we studied their cross-sections in an SEM, measuring the taper of the wires produced. The taper of the wires is constant throughout its height for all cases, which indicates that the local rates of hole injection and consumption are constant. This observation leads to the conclusion that the concentration of the reactants does not decay during the etching. Additionally, MacEtch etch rates are reported to be constant for several hours in other papers [29] . From the analysis of the SEM data, we found that the external taper angle of SiNWs increases for solutions with higher ethanol concentration, and detailed information is shown in figure 3 (see supplementary figure 3 available at stacks.iop.org/Nano/24/225305/mmedia). After MacEtch, the Au mesh is removed by an etch step with aqua regia for 90 s.
SiNW roughening
Au nanoparticles were deposited on a set of straight SiNW samples 1 µm long with average diameter between 110 and 140 nm by sputtering on a Denton Desk II TSC (the power was set at 20% for 15 s). All-angle rotation was activated to uniformly coat the nanowire surfaces ( figure 1(a): step 7) . At that point, the samples were cleaved into 1 cm 2 pieces and the SiNWs were roughened ( figure 1(a figure 1(e) ) and the RMS roughness is plotted as a function of the duration of the roughening etch step ( figure 4(a) ) shown in step 8 of figure 1(a) . High-resolution images of the Si/SiO 2 boundary are obtained by tilting the nanowire to [110] zone-axis angstrom level resolution. Several HRTEM images recorded continuously along the length of a nanowire are seamlessly stitched together to generate the roughness profile of the nanowire over a length of ∼500 nm. This procedure was conducted for three nanowires from each array to obtain an average RMS roughness for each sample.
Tapered SiNWs for anti-reflection measurements
To investigate light reflection, two sets of straight and tapered SiNWs samples with a 300 nm average diameter were fabricated using MacEtch. Tapered samples were made with 13.4 mol l −1 ethanol concentration. The first set contained wires that were straight and tapered with lengths of 2 µm and 1.5 µm, respectively. For the second set, tapered wires with lengths set at 11 µm were boron doped in a diffusion chamber with a boron diffusion source (BN-975, Saint-Gobain Ceramics) for 40 min at temperatures of 900 and 1000 • C. The reflectivity in the visible and near-IR range of the first ( figure 5(a) ) and second ( figure 5(b) ) sets was obtained in a Cary 5000 spectrophotometer.
Results and discussion

SiNW fabrication and taper control
We have shown that dewetting of a Ag thin-film can result in nanoparticles with diameters in the size range of 10-80 nm and with area coverage in the 32-42% range. This is related to the changes in thin-film nucleation and growth kinetics as a result of selecting a deposition rate as well as film thickness [22] . The nucleation process during evaporation produces peaks and valleys on the thin-film top surface, centered at the nucleation sites and the mid-points between them, respectively. These peaks and valleys on the film surface serve as the initial conditions for dewetting upon exposure of the film to elevated temperatures. The initial shape favors thermal grooving in the valley region (grain boundary), resulting in the formation of particles centered at their nucleation sites. For a given temperature cycle, the nucleation density for silver island formation on a substrate during dewetting remains the same as that of silver grain formation during deposition. This is shown to be inversely proportional to the incoming flux of atoms during deposition [22] . This allows us to obtain high area coverage (particle density) at low evaporation rates (figure 2). In the same figure, the average diameter increases with thickness and we observe a peak in the area coverage. This slight decrease in area coverage as the deposition thickness increases is due to merged grains during dewetting. This is possible because the thermal grooving process becomes less efficient at completely separating nucleation sites as the film thickness increases. This also causes the resulting particles to lose their circular shape, and the resulting particle density to decrease.
In the fabrication process, the limiting step for producing SiNWs from the dewetted sub-100 nm Ag particles via MacEtch is the metal lift-off technique described in section 2.1. For this regime, the particle height is small and less than twice the Au film thickness (see supplementary figure 2 available at stacks.iop.org/Nano/24/225305/mmedia). Therefore, many particles are coated by Au resulting in a low lift-off yield. To address this issue, we use a BOE (buffered oxide etch) step to etch the oxide layer that was deposited before the Ag film. This increases the height of the particles by an additional 10-15 nm and also undercuts the oxide under the silver particles to produce pedestal-like structures that greatly facilitate the lift-off process. The smallest reproducible average diameters over 1 cm 2 samples were 61 nm at 22% area coverage and 67 nm at 46% area coverage (see supplementary table 1 available at stacks.iop.org/Nano/24/ 225305/mmedia). Further improvements such as decreasing the Au grain size and its thickness are being investigated to fine tune the lift-off yield for even smaller diameters.
Silicon wire tapering is possible by addition of ethanol and changing its concentration in the MacEtch solution. The flux of holes injected into the band structure of Si is generated by the H 2 O 2 reduction at the Au-MacEtch solution interface (cathode). When excess holes-not consumed by the anodic Si etch reaction at the Si-Au interface-become available, they migrate away from the Si-Au interface, toward the rest of the Si surface exposed to the etchant. The presence of excess holes in the Si near the surfaces of the wires increases the rate of SiO 2 formation at the surface. This is subsequently etched by HF [33] to create a porous Si layer. Continuation of this process results in growth of the pores, loss of the outer surface layer, and migration of the porous layer toward the center of the wires. The tips of the wires, having been created first, are subjected to this process for the longest time, and hence the wires develop a taper. The thickness of the porous Si layer on the already formed wires increases monotonically with time. As a result of this, the tips of the nanowires have a thicker porous layer as compared to the bottoms of the wires (figures 3(a) and (b) ). A similar observation has been made by Chartier et al [33] . In their study of Si MacEtch with Au nanoparticles as catalysts, they found that decreasing the molar concentration of HF relative to H 2 O 2 produces a porous tapered sidewall. The characterization of the external taper angle versus ethanol concentration is shown in figure 3(c) . While the addition of ethanol can create controllable wire tapering, this effect was not observed when water was used instead of ethanol.
As described earlier, when excess holes become available, the process described above can result in tapered SiNWs. From the perspective of the overall reaction [29] , excess holes can become available by two means: an increase in hole generation on the cathode (Au-etchant interface) or a decrease in the rate at which holes are consumed on the anode (Au-Si interface). Our observations indicate that while the water addition reduces the kinetic rates of the cathode and anode reactions equally, the addition of ethanol only reduces the hole consumption rate on the anode. As a result of this, the excess amount of holes can migrate from the anode (Au-Si interface).
TEM characterization of roughness dependence on etching time
In the roughening approach, the catalyst is composed of Au nanoparticles that penetrate a few nanometers into the core direction of the nanowires etching a variety of crystallographic planes toward the SiNW core, causing reformation of the Si and SiO 2 surfaces (figure 4). Since the penetration path is small, we do not observe any coherence or preferred crystallographic direction in the etching performed by the nanoparticles. TEM imaging followed by image analysis reveals the longitudinal topography and surface roughness of the nanowires and the Si and SiO 2 interface. Control over RMS roughness height is attained in the 0.5-3.5 nm range by controlling the etch time ( figure 4(a) ). Such fine control is achieved as a result of the substantial reduction in MacEtch rate, made possible by water dilution (see supplementary figure 4 available at stacks.iop.org/Nano/ 24/225305/mmedia).
Anti-reflective properties of tapered and doped SiNWs
We first compare the reflectivity characteristics of straight and tapered structures in the visible and near-IR range. The effect of a slightly tapered SiNW is captured in figure 5(a) . The smooth transition in the refractive index derived from tapered nanowires reduces the reflectivity in the visible range by 77% (particularly around a wavelength of 700 nm) relative to straight nanowires for samples with similar lengths. This is possible due to the subwavelength scale of the SiNWs. In the visible range, the reflectivity spectrum for the tapered SiNW agrees well with studies on anti-reflection of silicon nanotips of equivalent length [2] . Beyond the band gap wavelength, light travels into the sample and it is not well absorbed due to the low absorption coefficient of low-doped Si. As a result, light is reflected from the back of the wafer and, thus, we observe a jump in reflectivity.
Increasing absorption in the near-IR becomes fundamental to reducing reflectivity in this range. One approach is to increase the doping level. Higher doping concentrations facilitate phonon-assisted absorption around the band gap wavelength [35, 36] and increase the free carrier density [37] . Both of these effects contribute to lowering the reflectivity in our measurements. Figure 5(b) shows the effect of doping on anti-reflection of tapered SiNWs as a function of the temperature in which the boron doping was carried out.
Conclusion
A novel manufacturing pathway to obtain SiNWs with tunable taper angle and sidewall roughness is presented. The process of integration of metal dewetting and MacEtch produces wire diameters that are ideal for making anti-reflection surfaces and exploring phonon confinement. The roughening of the side walls provides an additional design parameter in thermoelectric devices to potentially increase the boundary scattering of phonons. Taper control enables significant reduction of the reflectivity of SiNWs creating high-aspect ratio nanostructures and ideal high-emissivity surfaces in the visible and near-IR range with the incorporation of post-doping.
